Aims Plant cells undergo cell expansion when a temporary imbalance between the hydraulic pressure of the vacuole and the extensibility of the cell wall makes the cell volume increase dramatically. The primary cell walls of most seed plants consist of cellulose microfibrils tethered mainly by xyloglucans and embedded in a highly hydrated pectin matrix. During cell expansion the wall stress is decreased by the highly controlled rearrangement of the load-bearing tethers in the wall so that the microfibrils can move relative to each other. Here the effect was studied of a purified recombinant xyloglucan endotransglucosylase/hydrolase (XTH) on the extension of isolated cell walls. † Methods The epidermis of growing onion (Allium cepa) bulb scales is a one-cell-thick model tissue that is structurally and mechanically highly anisotropic. In constant load experiments, the effect of purified recombinant XTH proteins of Selaginella kraussiana on the extension of isolated onion epidermis was recorded. † Key Results Fluorescent xyloglucan endotransglucosylase (XET) assays demonstrate that exogeneous XTH can act on isolated onion epidermis cell walls. Furthermore, cell wall extension was significantly increased upon addition of XTH to the isolated epidermis, but only transverse to the net orientation of cellulose microfibrils. † Conclusions The results provide evidence that XTHs can act as cell wall-loosening enzymes.
INTRODUCTION
The indeterminate growth of plants results from the continuous formation of new cells by division in groups of stem cells or meristems, followed by a considerable increase in volume (Lyndon, 1990) . A young cell may grow to .1000 times its original volume, thus making cell expansion a central player in the primary production of biomass. Directionality in expansion leads to the variety in shapes of plants and plant parts.
Theoretically, the biophysics of cell expansion are rather simple (Lockhart, 1965) . The turgor or hydrostatic pressure of a plant cell is opposed by its surrounding primary cell wall, which consists of cellulose fibrils tethered by hemicelluloses, principally xyloglucans in the majority of seed plant species. This load-bearing cellulose/xyloglucan network is embedded in an amorphous matrix of pectins and glycoproteins (Carpita and Gibeaut, 1993; Brett and Waldron, 1996) . Expansion results from a carefully controlled, turgor-driven polymer creep, during which the cellulose microfibrils move relative to each other (Marga et al., 2005) . The control of this process lies in the selective loosening and rearrangement of the load-bearing cellulose/xyloglucan network.
In most plant tissues, cell expansion is anisotropic, i.e. it occurs in a preferential direction. Experimental evidence confirms that the predominant cellulose microfibril orientation in the wall defines the direction of growth anisotropy (Kerstens and Verbelen, 2003; Baskin, 2005) , and that cells usually grow transversely to this orientation. The precise molecular basis of wall loosening and expansion remains, however, elusive (Thompson, 2005) .
Expansins were proposed as a class of proteins that act as wall-loosening agents (Cosgrove, 2000) and are believed to break the load-bearing hydrogen bonds between xyloglucans and cellulose. The evidence is manifold: they restore the acid growth of heat-inactivated isolated cell walls; their exogenous application and ectopic expression stimulates growth; silencing them decreases growth; and their expression correlates well in time and space with growth (reviewed in Cosgrove, 2005) .
Besides expansins, xyloglucan endotransglucosylase/ endohydrolases (XTHs) were also suggested to loosen cell walls (Fry et al., 1992; Nishitani and Tominaga, 1992) . Most XTHs cut and rejoin the xyloglucans that tether adjacent cellulose microfibrils [¼xyloglucan endotransglucosylase (XET) action], whereas only some XTHs use water as acceptor substrate, resulting in xyloglucan hydrolysis [¼xyloglucan hydrolase (XEH) action] (Rose et al., 2002; Nishitani and Vissenberg, 2007) . Thus XET action enables xyloglucan restructuring (Thompson and Fry, 2001) , potentially allowing cellulose microfibrils to move apart but then reinstating the mechanical strength of the wall to withstand lysis. As for expansin, XTH gene expression coincides with growth (Vissenberg et al., 2005) , as does the enzymatic action in situ (Vissenberg et al., 2000 (Vissenberg et al., , 2001 (Vissenberg et al., , 2003 . Also lower expression of AtXTH18 and AtXTH27 results in phenotypic changes (Matsui et al., 2005; Osato et al., 2006) . However, direct unambiguous proof of XTHs inducing wall stress relaxation and extension is still lacking. The mechanical properties of frozen/thawed cucumber hypocotyl segments were not affected by exogenous tomato XTH (Saladie et al., 2006) , whereas XTHs were reported to induce extension in two other systems. A tomato pericarp XTH induced creep in biaxial strain assays of artificial cellulose-xyloglucan composites (Chanliaud et al., 2004) . The relevance was, however, criticized because the behaviour of artificial composites cannot always be extrapolated to the behaviour of real plant cell walls (Cosgrove, 2005) . On the other hand, the XTH-induced extensibility of isolated azuki bean hypocotyl walls in force/extension assays (Kaku et al., 2002) was disputed (Saladie et al., 2006) , given the extreme experimental conditions (very long incubation time of 48 h at 37 8C) and the expected activity of endogenous expansins and XTHs (because no heat inactivation had been applied).
An XTH, SkXTH1, from the lycopodiophyte Selaginella, that belongs to the group I XTHs from seed plants, has recently been cloned. Enzymatic characterization of the purified heterologously expressed protein revealed that it exclusively performs XET activity over a broad pH and temperature range (Van Sandt et al., 2006) .
The epidermis of onion bulb scales is an adequate model to study anisotropy in extension (Kerstens et al., 2001; Suslov and Verbelen, 2006) . Its thick outer periclinal wall defines the tissue's mechanical strength and has a clearly defined mean or net cellulose microfibril orientation.
The effect of SkXTH1 on the mechanical properties of the epidermis of growing onion bulb scales in constant-load experiments was studied, avoiding the criticisms raised against the other studies.
MATERIALS AND METHODS

Plant material and sample preparation
Onion (Allium cepa L. 'Bonkajuin') bulbs were collected in a field at the beginning of June at the stage of active growth. These bulbs had an average diameter of 27 mm, whereas they can reach 100 mm at the moment of harvest. Strips of epidermis, 20-25 mm long and 4 mm wide, were peeled from the equatorial part of the adaxial side of the fifth (from the outside) live scale in directions parallel and transverse to the axis of the bulb. The epidermal strips were immediately frozen in liquid nitrogen and stored at 220 8C.
Determination of the main orientation of cellulose microfibrils
Visualization of the net orientation of cellulose microfibrils was based on the fluorescence dichroism of Congo Red and was erformed according to Verbelen and Kerstens (2000) . Onion epidermal strips were incubated in a 1 % (w/v) solution of Congo Red (Merck CI22120) in water for 2 h and rinsed with water. The stained samples were studied with a confocal laser scanning microscope (Nikon C1) with a 20Â (NA 0 . 5) dry objective.
SkXTH1 and crude expansin extract
SkXTH1 (accession no. AY580314) was produced and purified as described before (Van Sandt et al., 2006) ; a crude expansin extract was prepared as in McQueen-Mason et al. (1992) .
In vivo XET assay
The in vivo localization of XET action in onion epidermal strips was determined (Vissenberg et al., 2000) in a 50 mM sodium acetate pH 4 . 5, 300 mM NaCl and 10 % glycerol buffer. SkXTH1 was added to a final concentration of 125 ng mL
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. Control samples contained the same concentration of bovine serum albumin (BSA). All assays were conducted in the dark at 22 8C. Imaging was done with a Zeiss Axioskop equipped for epifluorescence using 20Â (NA 0 . 40) and 40Â (NA 0 . 75) dry objective lens and a Nikon DXM1200 digital camera. For valid comparison, images were recorded at identical settings of the microscope and camera.
Constant-load extensiometry
In vitro extension of onion epidermal cell walls was measured with a custom-built constant-load extensiometer as described in Suslov and Verbelen (2006) .
A 5 mm segment of an epidermal strip was secured between the clamps and pre-incubated in the experimental buffer/enzyme solution for 5 min. Two buffers were used: 50 mM sodium acetate at pH 4 . 5 containing 300 mM sodium chloride and 10 % glycerol, or 50 mM sodium phosphate at pH 6 with 300 mM sodium chloride and 10 % glycerol. SkXTH1, when present, was at a final concentration of 300 ng mL
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. High concentrations of NaCl and glycerol in the buffers were needed for preservation of SkXTH1 activity. These components had no effect on the cell wall extensibility on their own. The crude expansin extract was assayed under the same conditions as for SkXTH1.
Taking into account the cell dimensions and the wall thickness of the onion epidermis tissue used, a load of 10 g was appropriate to generate wall stress similar to that reported in experiments on tomato and sunflower epidermis (Hejnowicz and Sievers, 1996; Thompson, 2001 ) and maize coleoptiles (Schopfer, 2001) , and slightly below the natural stresses produced by turgor (Wei and Lintilhac, 2003) . Application of a 10 g load resulted in a practically instantaneous cell wall extension, which was followed by a slow time-dependent deformation (creep). Unless stated otherwise, the interval from 10 to 30 min after loading was used for comparison of the effects of different treatments. Earlier deformations (from 0 to 10 min after the load application) were usually not shown since they mostly characterize internal material properties of onion cell walls having no relationship to growth regulation (Suslov and Verbelen, 2006) .
Statistical analyses
The significance of differences between transverse and longitudinal load application under each condition was determined by the Student's two-tailed t-test. Differences between the effects of the pH 4 . 5 and the pH 6 buffers on native or heat-inactivated cell walls were revealed separately in the group of transverse and longitudinal epidermal strips by the Fisher test (P , 0 . 01) and were subsequently analysed using the Newman -Keuls test for multiple comparisons. The significance of the XTH effect on longitudinal or transverse strips was determined using the paired two-tailed t-test.
RESULTS
The net orientation of cellulose microfibrils in isolated adaxial epidermal cell walls was analysed using the fluorescence of Congo Red coupled to polarization confocal microscopy (Verbelen and Kerstens, 2000) . The intensity of fluorescence was higher when the vector of the excitation light (see double arrowhead) was parallel to the long axis of the cells than when it was transverse to it (Fig. 1A, B) , indicating a net longitudinal cellulose orientation.
To characterize the mechanical properties of the onion epidermis, a load was applied transverse and parallel to the net orientation of the cellulose microfibrils and the resulting extension was analysed. The deformation (see Table 1 ) occurring from 0 to 10 min after load application was not taken into account as it mostly reflects intrinsic wall properties not related to growth regulation (Büntemeyer et al., 1998; Suslov and Verbelen, 2006) . Extensions are therefore expressed as the creep occurring between 10 and 30 min after load application. Figure 1C indicates that the magnitude of extension of frozen/ thawed epidermal strips was clearly always higher when load was applied transversely to the cellulose orientation. Extension of the epidermis was pH dependent in both directions as it was nearly three times higher at pH 4 . 5 than at pH 6. The results indicate an acid growth behaviour of the cell wall samples. In order to define the possible involvement of endogenous enzymes and other proteins in the acid-induced extension, the effect of heat inactivation was studied. Immersion of the epidermis in boiling water for 15 s strongly reduced extension transverse to the cellulose orientation (Fig. 1C) . However, no significant difference in extension was found between native and heat-inactivated samples extended parallel to the long axis. Thus heat inactivation had a directional effect on extension. Increasing the time of heat inactivation to 30 s gave no further inhibitory effect on extension, and boiling for 60 s was damaging the wall samples, as they curled up and eventually broke after loading (results not shown). Therefore, 15 s of heat inactivation is sufficient to denature endogenous wall proteins without any damaging effect on the cell wall structure. The fact that creep of the heat-inactivated epidermis extended parallel to the cellulose orientation was still highly pH dependent indicates that the acid-induced extension in that direction is essentially not protein mediated. This finding is quite unexpected for higher plants; however, similar observations were made for algae (Tepfer and Cleland, 1979) .
The ability of exogenous SkXTH1 to penetrate and act upon the onion epidermal cell wall was tested using a fluorescent in muro assay for XET action (Vissenberg et al., 2000) . In Fig. 2 the fluorescent signal is caused by the incorporation of fluorescently labelled xyloglucan oligosaccharides into the onion cell wall by specific XET action of XTHs. Compared with control samples (Fig. 2A) , addition of exogenous SkXTH1 caused a much brighter fluorescence (Fig. 2B ). Both observations confirm that SkXTH1 penetrates the model cell walls and effectively displays XET action. The absence of clear fluorescence when non-XET substrates were used proves the specificity of the assay (Fig. 2C) . Parallel experiments proved that the enzyme's action was not specific for onion epidermis, as SkXTH1 was found to penetrate and act upon Arabidopsis roots as well (results not shown).
To monitor the specific effect of SkXTH1 on the extensibility of cell walls, heat-inactivated cell wall samples were and 6 and of native and heat-inactivated specimens parallel and transverse to the net cellulose orientation. Data are mean + s.e., n ¼ 6-9.
used exclusively in extensiometric experiments at pH 4 . 5. Addition of SkXTH1 (300 ng mL 21 in 200 mL of buffer) caused a substantial increase in cell wall extensibility transverse to the net cellulose orientation (Fig. 3) . Parallel to the cellulose orientation, no significant change in extensibility was measured. Table 1 shows the dynamics of the enzyme effect from the moment of load application. SkXTH1 started stimulating the epidermis extension after a lag period of about 5 min. This stimulation gradually increased in time. The enzyme effect was also checked at later time points. It was found that the SkXTH1-induced stimulation of wall extension continued at least from 30 to 60 min after load application (results not shown). For ease of comparison, the time course of the extensions transverse to the cellulose orientation under the different experimental conditions is given for a representative sample in Fig. 4 . Heat inactivation of the cell walls clearly reduced the extension, but addition of SkXTH1 restored on average 66 % of the protein-dependent creep that was lost during boiling.
In a control experiment (n ¼ 3), a crude cucumber expansin extract in the same buffer conditions as used for SkXTH1 increased the extension of heat-inactivated cell walls by about 20 % (results not shown), confirming the adequacy of the model system.
DISCUSSION
The precise mechanism of plant cell wall expansion still remains to be elucidated. Despite the fact that expansins are sometimes considered as the only primary cell wallloosening factors (Cosgrove, 2000 (Cosgrove, , 2005 , other enzymes were suggested for this function as well. Among them, XTHs were put forward as strong candidates (Fry et al., 1992) . Extractable XET activity, XTH gene expression and enzymatic action were often correlated with growth (Fry et al., 1992; Hetherington and Fry, 1993; Pritchard et al., 1993; Potter and Fry, 1994; Xu et al., 1995; Palmer and Davies, 1996; Antosiewicz et al., 1997; Catalá et al., 1997; Vissenberg et al., 2000 Vissenberg et al., , 2003 Vissenberg et al., , 2005 Van Sandt et al., 2007) , and lower expression of AtXTH18 and AtXTH27 resulted in phenotypic changes (Matsui et al., 2005; Osato et al., 2006) . These observations support the wall-loosening hypothesis of XTHs. On the other hand, XET activity was also detected in nonexpanding tissues (Pritchard et al., 1993; Palmer and Davies, 1996) . In this case, cell wall-tightening processes could over-ride the wall-loosening effect of active XTHs.
The effect of exogenous XTH on the extensibility of isolated onion epidermis was studied, avoiding the criticisms (Cosgrove, 2005) that were raised against two other studies on mechanical effects of exogenous XTHs (Kaku et al., 2002; Chanliaud et al., 2004) . The XTH used in the present study, SkXTH1, is from S. kraussiana and belongs to the group I XTHs which, together with group II XTHs of angiosperms, are thought to mediate exclusively XET activity, whereas members of group III are shown to mediate XEH activity (Rose et al., 2002) . SkXTH1 was heterologously expressed in Pichia, purified and found to display XET activity but, indeed, no XEH activity (Van Sandt et al., 2006) . Recently the epidermis of onion bulb scales was introduced as a one-cell-layer model tissue to define the relationship between anisotropic cellulose orientation and cell wall creep rate (Suslov and Verbelen, 2006) . These epidermal cells have a type I primary cell wall, which Onion epidermal strips were extended transverse to the net cellulose orientation by a 10 g load (after a 5 min pre-incubation) in the pH 4 . 5 buffer alone (control) or in the pH 4 . 5 buffer with SkXTH1 (300 ng mL 21 ). Data are means + s.e. (n ¼ 9). * The difference was not significant. is typical of all flowering plants except the grasses, the sedges, the rushes, the palms and the gingers (Carpita and Gibeaut, 1993; Carpita, 1996) . The onion cell walls used had a net longitudinal cellulose orientation as indicated by Congo Red staining coupled to polarization confocal microscopy. In agreement with this, the magnitude of extension of frozen/thawed epidermal strips was clearly higher when load was applied transversely to the cellulose orientation, irrespective of the treatment used. Extensibility was greater in both directions at pH 4 . 5 than at pH 6, indicating that the cell walls exhibited acid-induced extension which is typical for walls isolated from growing tissues (Cosgrove and Li, 1993) . The amount of acid-induced extension exceeds the values reported for bulbs close to maturity (Suslov and Verbelen, 2006) . Apparently at the stage of active growth the ability of onion epidermal walls to be extended by a pH 4 . 5 buffer is much higher than at the subsequent stages. The effects of heat inactivation clearly suggest that the mechanisms of extension in the two directions are different. Heat inactivation strongly reduced extension transverse to the cellulose orientation, suggesting its dependence on undenatured proteins. The absence of a statistically significant effect of heat inactivation on extension parallel to the microfibril orientation means that in this direction the extension is essentially protein independent. These results demonstrate the mechanical anisotropy of the cell wall samples and the protein dependence of extension transverse to the net cellulose orientation. The higher extensibility of the walls transverse to the microfibril orientation agrees with the direction of expansion of these cells in planta, as the bulb scales used were indeed increasing in girth.
In absolute values, the rate of extension of the onion epidermis is only a fraction of that of cucumber hypocotyls, a frequently used model system. In the plant life cycle, the latter organ performs a transient but critically important function of exposing the cotyledons and the plumule to the aerial light environment. In darkness, the hypocotyls have extreme growth rates based on very fast cell elongation, and therefore they were used as models. The onion bulb, on the contrary, is a reserve organ consisting of relatively slowly growing dome-shaped transformed leaves. Consequently, the two experimental systems cannot be considered or compared as equals. The major concern should be that the rate of extension measured in vitro was comparable with the growth rate of the epidermis in vivo. During growth in the field, the fifth scale, as used in the experiments, increased in girth on average by 0 . 16 % every 20 min. The extension in vitro, in the same direction, was on average 1 . 25 % per 20 min. The higher values in vitro are not surprising. It is well documented that uniaxial stresses resulting from load application in vitro cause considerably higher extensions than equal multiaxial stresses (similar to those generated by turgor in vivo). The difference is explained by the cellulose microfibril reorientation in the direction of strain in the former case which is constrained in the latter case (Richmond et al., 1980) . The in vitro extension rate values were, hence, of physiologically relevant size.
After visual confirmation that SkXTH1 penetrated the model cell walls and effectively displayed XET action, the effect of exogenous XTH on the extensibility of onion bulb epidermal cell walls was monitored. SkXTH1 restored on average 66 % of the protein-dependent creep that was lost by heat inactivation. This effect occurred only transverse to the net cellulose orientation, which indicates that SkXTH1 catalyses the movement of adjacent cellulose microfibrils relative to each other transverse to their net orientation. This is in agreement with the previous conclusion that the extension in this direction is protein dependent. It needs to be mentioned that besides XTHs, the xyloglucan metabolism itself also controls the elongation of plant cells. Addition of whole xyloglucan suppressed elongation, while addition of xyloglucan oligosaccharides accelerated FIG. 3 . Effect of exogenous SkXTH1 (300 ng mL 21 ) on the extension of heat-inactivated (boiling in water for 15 s) longitudinal and transverse onion epidermal strips at pH 4 . 5. The enzyme stimulated extension transverse to the net cellulose orientation (P , 0 . 01, paired two-tailed t-test) but not parallel to it. Data are mean + s.e., n ¼ 9.
FIG. 4. Time course of the extension during load application transverse to the net cellulose orientation. The deformation, which occurs during the first 10 min of load application, is not shown. The graphs represent typical curves for the extension between 10 and 30 min under the different experimental conditions. Heat inactivation greatly decreases the extensibility. Addition of SkXTH1 to the inactivated transverse wall samples largely restores the extensibility at pH 4 . 5.
elongation (Takeda et al., 2002) . This could also partially explain why a full restoration of extension was not seen when XTHs were exogeneously added to heat-inactivated onion epidermis. Heat inactivation could influence the availability of oligosaccharides. In addition, the present finding suggests that the XET activity of XTH regulates the degree of growth anisotropy. As there are no data available on the effective concentration of XTH enzymes in the load-bearing part of the cell wall, the high concentration of 300 ng mL 21 was used. The enzymes have to diffuse into the cell wall. They can form enzyme -substrate complexes with or act upon XyG in the non-load-bearing outer layers of the wall but should still reach an effective concentration in the load-bearing inner part of the wall. The effect of SkXTH1 started after a lag period (Table 1) , which might suggest that some time is indeed required for the enzyme to reach the load-bearing region. Interestingly, the effect of fungal endoglucanases on the creep in vitro also took place after a distinct lag period (Yuan et al., 2001) . In a control experiment, a crude cucumber expansin extract restored part of the extensibility lost by heat inactivation, confirming the adequacy of the model system.
CONCLUSIONS
A purified group I XTH, displaying exclusively XET activity, is thus able to stimulate cell wall extension of a type I cell wall, and can act as a primary cell wall-loosening agent. The results should, however, not be generalized to all XTHs. Diverse XTHs may be functionally specialized, as is the case for expansins (Choi et al., 2006) . Functional diversification is suggested by the expression patterns of several XTH genes even in non-expanding tissues (Vissenberg et al., 2005; Becnel et al., 2006) . The inability of a tomato XTH to induce the extension of cucumber hypocotyl cell walls (Saladié et al., 2006) could, for example, result from the fact that this enzyme might not be involved in wall loosening at all, but that it could perform other very specialized functions (Maclachlan and Brady, 1994) . Each XTH should therefore be analysed individually to reveal its precise role in cell wall mechanics.
